Introduction
At the close of the Paleocene epoch ~55 million years ago, the Earth experienced one of the most dramatic global warming events in the geologic record -the Paleocene-Eocene thermal maximum (PETM). Within a few thousand years, sea surface temperatures warmed ~4 to 8˚ C and deep ocean temperatures increased by ~5°C (Figure 1 ; e.g., Kennett and Stott, 1991) . The short-lived warming event (~210 kyr; Röhl et al., 2000) induced a host of biotic responses, including mass extinction of benthic foraminifera, rapid diversification of planktonic foraminifera and terrestrial mammals, and blooms of dinoflagellates (e.g., Tjalsma and Lohmann, 1983; Kelly et al., 1996; Hooker, 1996; Clyde and Gingerich, 1998; Crouch et al., 2001 ).
The PETM corresponds to an abrupt negative 3-4 ‰ carbon isotope excursion (CIE) in marine and terrestrial sedimentary sections (Figure 1 ; e.g., Kennett and Stott, 1991; Koch et al., 1992 ), a feature with major diagnostic significance. This excursion implies a massive and rapid addition of isotopically light carbon to the oceans and atmosphere. Possible explanations for this input have focused on enhanced mantle CO 2 outgassing during North Atlantic Igneous Province emplacement (Eldholm and Thomas, 1993) , dissociation of massive quantities of methane hydrates along continental slopes (Dickens et al., 1995) , and impact of a carbonaceous bolide 3 (Deming, 1999; Kent et al., 2001) . The apparent rate and magnitude of the CIE are consistent with both seafloor methane and a carbonaceous impactor as the carbon sources. However, the available data cannot distinguish between these two sources of light carbon, or whether the carbon (methane or otherwise) was added first to the oceans or atmosphere. The fundamental problem is that temporal relationships between warming and carbon input in different environments cannot be resolved with published stable isotope records.
We present new stable isotope data from Ocean Drilling Program Site 690 (Weddell Sea, Southern Ocean) that indicate that the onset of the CIE was geologically instantaneous, consistent with the hydrate dissociation hypothesis or impact-related carbon release. However, the data also demonstrate that the CIE at Site 690 was preceded by a brief period of gradual surface water warming. Thus the most coherent explanation for the entire data set is that gradual sea-surface warming led to the thermal dissociation of sedimentary methane hydrate. In addition, our data suggest that a substantial amount of the methane released was oxidized in the atmosphere.
Methods
We generated stable isotope records based on analyses of individual foraminiferal shells, a strategy used in two previous PETM investigations (Stott, 1992; Kelly et al., 1996) . Site 690 (Figure 2 ) was selected because it is the most expanded and complete deep-sea PETM section recovered to date (Röhl et al., 2000) . A continuous U-channel across the onset of the PETM was cut into 1 cm samples; above this we sampled the core every 5 cm. We conducted stable isotope analyses on 483 well-preserved specimens (Thomas et al., 1999) of the surface-dwelling, photosymbiont-bearing genus Acarinina and the thermocline-dwelling genus Subbotina 4 (D'Hondt and Zachos, 1993) over a 121 cm interval, and on 7 individual and 5 multi-specimen benthic foraminiferal samples over a 7 cm interval (ending 4 cm below the benthic foraminiferal extinction). Measurements of individual benthic foraminifera N. truempyi were limited because specimens large enough (>5 µg) for analysis were extremely rare, especially close to the onset of the benthic foraminiferal extinction (BFE). All stable isotope analyses were conducted at UC Santa Cruz with a precision better than 0.1‰ for δ mbsf, decrease from ~-1.5 to -2.5 ‰ at 170.37 mbsf, and remain at ~-2.5 ‰ for the remainder of the record. Carbon isotope values of surface dwellers begin to increase at 170.37 mbsf.
Discussion
Our combined carbon and oxygen single-specimen isotopic data ( Figure 3 ) provide a detailed chronology of rapid changes in Southern Ocean thermal and carbon isotope depth gradients during the onset and initial recovery of the PETM. While Kennett and Stott (1991) first recognized the stable isotope excursions at Site 690, their multi-specimen analyses lacked the resolution to unravel the timing relationships between warming and carbon input. Multispecimen records also average out the environmental variability that the single-specimen strategy exploits. As a result, we are now able to resolve the onset and evolution of the thermal and carbon anomalies. Our data supports a warming-induced carbon input such as thermal dissociation of methane hydrates.
Evidence for the "Blast of Gas": The bimodal distribution of single-specimen carbon isotope values at the onset of the CIE suggests that the initial input of isotopically light carbon occurred in a geologic instant. We can discount the argument that the sharp base of the CIE resulted from dissolution or a hiatus (Dickens, 1998) , because the very planktonic foraminifera that record only pre-or peak excursion δ 13 C values record a gradual decrease in the corresponding δ We note that the top-down progression in carbon input observed at the PETM is strikingly similar to the recent changes in the atmospheric and surface ocean carbon reservoirs in response to release of anthropogenic CO 2 . In the last century, the δ
13
C of atmospheric and surface-ocean CO 2 has decreased by ~1.2‰ (e.g., Joos and Bruno, 1998) 
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Figure Captions
1. Carbon and oxygen isotope records from Ocean Drilling Program Site 690 (data from Kennett and Stott, 1991) showing the PETM stable isotope excursions.
2. Paleogeographic reconstruction of the late Paleocene showing the location of Site 690 (from the Ocean Drilling Stratigraphic Network).
3. Single-specimen carbon and oxygen isotope data. Previously published benthic foraminiferal data are from Kennett and Stott (1991) and Thomas and Shackleton (1996) . The gray arrow denotes the onset of the benthic foraminiferal extinction (BFE). Orange dashed lines indicate the stratigraphic sequence of events at the onset of the PETM. High-resolution samples derived from the archive-half U-channel of Hole 690B, Section 19-3 extend from 170.40 to B.
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